Magnetic skyrmions are topologically stable, vortex-like objects surrounded by chiral boundaries that separate a region of reversed magnetization from the surrounding magnetized material [1] [2] [3] . They are closely related to nanoscopic chiral magnetic domain walls, which could be used as memory and logic elements for conventional and neuromorphic computing applications that go beyond Moore's law. Of particular interest is 'racetrack memory' , which is composed of vertical magnetic nanowires, each accommodating of the order of 100 domain walls, and that shows promise as a solid state, nonvolatile memory with exceptional capacity and performance 4,5 . Its performance is derived from the very high speeds (up to one kilometre per second) at which chiral domain walls can be moved with nanosecond current pulses in synthetic antiferromagnet racetracks. Because skyrmions are essentially composed of a pair of chiral domain walls closed in on themselves, but are, in principle, more stable to perturbations than the component domain walls themselves, they are attractive for use in spintronic applications, notably racetrack memory. Stabilization of skyrmions has generally been achieved in systems with broken inversion symmetry, in which the asymmetric Dzyaloshinskii-Moriya interaction modifies the uniform magnetic state to a swirling state 6,7 . Depending on the crystal symmetry, two distinct types of skyrmions have been observed experimentally, namely, Bloch 7,8 and Néel skyrmions 9 . Here we present the experimental manifestation of another type of skyrmion-the magnetic antiskyrmion-in acentric tetragonal Heusler compounds with D 2d crystal symmetry. Antiskyrmions are characterized by boundary walls that have alternating Bloch and Néel type as one traces around the boundary. A spiral magnetic groundstate, which propagates in the tetragonal basal plane, is transformed into an antiskyrmion lattice state under magnetic fields applied along the tetragonal axis over a wide range of temperatures. Direct imaging by Lorentz transmission electron microscopy shows fieldstabilized antiskyrmion lattices and isolated antiskyrmions from 100 kelvin to well beyond room temperature, and zero-field metastable antiskyrmions at low temperatures. These results enlarge the family of magnetic skyrmions and pave the way to the engineering of complex bespoke designed skyrmionic structures.
. They were predicted to exist in extended magnets with acentric crystalline structures more than 25 years ago 16 . In these magnets, the magnetization, twisted by relativistic spin-orbit coupling in the magnetic ground state, is usually a one-dimensional helix-a Dzyaloshinskii spiral. The pitch of the helix, which also determines the size of the skyrmions, is governed by the ratio of the Heisenberg exchange constant to the magnitude of the DzyaloshinskiiMoriya interaction 6 . Evidence of the existence of skyrmions emerged from experiments on a small class of chiral magnetic systems with broken inversion symmetry, in which the skyrmions were discovered only in a very small range of temperatures and magnetic fields near the magnetic ordering temperature in their respective magnetic phase diagrams 7 . The skyrmionic phase was later stabilized over a wider temperature range in thin plates of certain chiral magnets 8, 10 . Depending on the spin rotation, two distinct types of skyrmion have so far been observed experimentally, referred to as Bloch and Néel skyrmions by analogy with the two fundamental types of domain wall. Another distinct type of skyrmion-an antiskyrmion-has been predicted in certain tetragonal materials with acentric crystal structures and D 2d symmetry [16] [17] [18] , but has not yet been found as either an isolated object or in a lattice. Antiskyrmions reported to exist 19 in engineered Co/Pt multilayers are instead achiral spin textures without skyrmionic properties. Similarly, complex spin textures in the B20 compound MnGe are simulated to be arrays of skyrmions and antiskyrmions 20 , but the symmetry of this compound intrinsically precludes antiskyrmions. Here we report, using Lorentz transmission electron microscopy, the observation of antiskyrmions in the Mn-Pt-Sn inverse Heusler compound. Figure 1a -c illustrates the spin textures of the three classes of skyrmion: Bloch skyrmion, antiskyrmion and Néel skyrmion. The corresponding helimagnetic structures from which these various skyrmionic states emerge are shown schematically in Fig. 1d -f. Chiral magnets with the cubic B20 crystal structure and tetrahedral symmetry exhibit Bloch-type skyrmions 7, 8, [10] [11] [12] . When imaged using Lorentz transmission electron microscopy (LTEM), such skyrmions should appear as a ring-like pattern (Fig. 1g) . Unlike Bloch skyrmions, a cross-sectional view of the spin arrangement in a Néel skyrmion reveals a cycloid, whereby spins rotate in a plane along the direction of propagation (Fig. 1f) . In the case of Néel skyrmions viewed using LTEM, the deflected electrons make a closed loop; hence, no intensity modulation is expected, as depicted in the simulated LTEM pattern in Fig. 1i (lower panel). Polar magnets with C nv symmetry 9 and multilayer films with interfacial Dzyaloshinskii-Moriya interaction host Néel skyrmions 14, 15, [21] [22] [23] . Schematics of cross-sections along four different directions reveal both helicoid and cycloid spin propagations in an antiskyrmion (Fig. 1b, e) . This rotation of the spin is expected to result in a distinct LTEM pattern. In the present spin notation, the transmitted electron beam will converge towards the centre of the antiskyrmion in the vertical direction, whereas it will diverge in the horizontal direction. Therefore, a single antiskyrmion is expected to form two bright and two dark lobes in an LTEM image; this is verified by the simulated LTEM pattern shown in the lower panel in Fig. 1h .
Because antiskyrmions break the cylindrical symmetry and have a quadrupolar moment of magnetostatic charges, their properties may differ from those of Bloch and Néel skyrmions. In a broader perspective, acentric magnets bearing skyrmions are of interest for spintronic applications. Heusler compounds (X 2 YZ, where X, Y are transition metals and Z is a main-group element) are well known for their potential letter reSeArCH Moreover, these materials can have very high magnetic ordering temperatures (well above room temperature), so antiskyrmions could be stabilized over an extended temperature range. From a technological perspective, the tetragonal symmetry ensures that the antiskyrmions are located in one plane (the basal plane), thereby simplifying their control.
A non-collinear spin configuration was recently observed 26 in the acentric tetragonal Heusler compound Mn 2 RhSn. Here we focus on the inverse tetragonal Heusler compound Mn 1.4 Pt 0.9 Pd 0.1 Sn. In this compound, the direct magnetic exchange sets the basic magnetic configuration of the Mn moments in the unit cell; there are two distinct Mn sublattices, each with their own magnetic moment. The Dzyaloshinskii-Moriya interaction twists this basic magnetic moment configuration along one given propagation direction, thereby giving rise to a long-range helimagnetic structure (Extended Data Fig. 2 ). However, because the crystal structure of this material belongs to a crystal class with D 2d point symmetry, the twisting of the ferromagnetic order takes place only in the tetragonal basal plane. For this symmetry, theoretical considerations have shown that a field applied close to the tetragonal c axis stabilizes an antiskyrmion lattice state because there is no competing conical spiral state in the magnetic phase diagram 26 . This behaviour is completely different from that of acentric cubic helimagnets, in which the applied field favours conical helices propagating along the field direction 7, 8 . The magnetization versus temperature (M(T)) data measured in a field of 0.1 T for Mn 1.4 PtSn and Mn 1.4 Pt 0.9 Pd 0.1 Sn are plotted in Fig. 2a . The parent compound Mn 1.4 PtSn has a Curie temperature T C of about 400 K and a second transition to a state with higher magnetization occurs at about 160 K. This second transition suggests that the change in temperature leads to a reorientation of the moments of the Mn sublattices. Neutron diffraction studies on powdered samples of Mn 1.4 PtSn demonstrate a considerable change in the intensity of the (101) and (004) ferromagnetic peaks around the spin-reorientation transition, signifying a change in the magnetic structure at this temperature (inset of Fig. 2a ). Mn 1.4 Pt 0.9 Pd 0.1 Sn has a similar T C to that of Mn 1.4 PtSn; however, the low-temperature spin-reorientation transition is decreased to approximately 125 K in the Pd-doped sample.
A bright-field transmission electron microscopy (TEM) study shows a martensitic-like twinned microstructure for Mn 1.4 Pt 0.9 Pd 0.1 Sn (Fig. 2b, upper panel) . Most interestingly, the adjacent twin platelets orient at an angle of almost 90° to each other: the platelet labelled '(1)' has a [100] orientation, whereas that labelled '(2)' has a [001] orientation. The corresponding selected-area diffraction patterns from each individual platelet are shown in the lower panels of Fig. 2b . The high-resolution scanning transmission electron microscopy image taken on the [100]-oriented platelet shows alternating bright and dark atoms, corresponding to the columns with Mn-Pt(Pd) and Mn-Sn atoms, respectively (Fig. 2c ). An enlarged view of the atomic arrangements and [010]
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To examine the nature of the antiskyrmions in our system in detail, an under-focused LTEM image of a single antiskyrmion taken at a field of 0.29 T applied parallel to the [001] direction is displayed in Fig. 3a . Most interestingly, it exhibits two bright spots and two dark spots along the [010] and [100] directions, respectively. The modulation of the contrast can be discerned from the appearance of two peaks with a trough in the middle of the line profile taken along [010] (lower inset) and two troughs with a peak in the middle of the line profile taken along [100] (upper inset). These results agree well with the expected LTEM pattern shown in Fig. 1h , signifying the presence of antiskyrmions. A complete reversal of the contrast is observed in the over-focused LTEM image (Fig. 3b) . The formation of a hexagonal lattice of antiskyrmions is depicted in Fig. 3c . A slight distortion of the lattice along [010] might be related to the presence of a small amount of in-plane field due to a slight misorientation (by approximately ± 3°) of the sample away from the exact [001] direction. At low in-plane fields, the distortion is mostly in the [010] direction as the helix propagates along [100]. Owing to the tetragonal D 2d symmetry, we expect that the antiskyrmion lattices undergo characteristic distortions in oblique fields, because their axis remains locked to the tetragonal axis, and that the antiskyrmions are consequently distorted, with the perfectly radial core shifting from the centres of the cells of the hexagonal densely packed lattice.
A theoretical simulation of the antiskyrmion lattice in a small oblique field is shown in Fig. 3d , illustrating the skewed appearance of the antiskyrmions. This effect occurs because the in-plane component of the magnetic field favours and broadens one edge of the circulating magnetization along the field, at the cost of the opposite edge. As can be seen in Fig. 3e , when a magnetic field was applied at an angle of about 20 degrees to [001] by rotating the sample along [110], the antiskyrmions become distorted. We find that the antiskyrmions are stable up to this maximum possible tilt angle. They appear as elliptical shapes in the LTEM images, with the centre of the antiskyrmions having moved off-centre with application of the in-plane field. This distortion results from a combination of the tilting of the antiskyrmions themselves and the contributions to the LTEM images from tilted moments. Micromagnetic simulations show that antiskyrmions are stable to large tilted magnetic fields (see Methods). The appearance of double-skyrmion-like features results from the projection of the antiskyrmion tubes that are oriented obliquely to the illuminating electron beam and to the applied field. As the rotation angle decreases (Fig. 3e-g ), the original quadrupole-like internal magnetization distribution of the antiskyrmions is revealed. Strong bright spots can be seen at the upper half of the antiskyrmions for a rotation angle of θ = 8° (Fig. 3g) , whereas they appear at the lower half for θ = − 5° (Fig. 3h) . In both cases, the antiskyrmion lattice exhibits a large distortion along [010] . Nearly symmetric bright and dark spots in an almost hexagonal lattice can be seen in Fig. 3i , for an applied field of 0.29 T along [001] (within the ± 3° limit). A small increase in the field to 0.33 T perturbs the regular arrangement of the antiskyrmions in the lattice (Fig. 3j) . This field corresponds to the stability limit of the equilibrium lattice [010]
[100] 500 nm 500 nm 150 nm letter reSeArCH phase. Owing to their topological stability, a large number of antiskyrmions remain as metastable excitations in the homogeneous fieldpolarized collinear state. For even higher fields, antiskyrmions disappear from the relatively thinner region of the sample and are stabilized only in the thicker region (Fig. 3k) . Finally, the antiskyrmion lattice evolves into an array of single antiskyrmions, which disappear for fields above 0.49 T at room temperature (Fig. 3l) . Because Mn 1.4 Pt 0.9 Pd 0.1 Sn has a T C of about 400 K, we expect it to display antiskyrmions up to 400 K. Under-focused LTEM patterns taken at 350 K in the presence of a field of 0.22 T show a lattice of antiskyrmions (Fig. 4a) . At higher temperatures, the antiskyrmion phase can be stabilized at lower fields. At temperatures below the spin-reorientation transition of the material, it was difficult to nucleate an antiskyrmion lattice by applying a magnetic field, even at an angle to [001] after cooling the sample in zero field (see Methods). Figure 4b shows antiskyrmions at 100 K for a field of 0.33 T applied along [001] . By reducing the field to zero, each antiskyrmion can be seen with two symmetric bright spots along [010], whereas the black spots are smeared out with the background. The zero-field stabilized lattice of antiskyrmions is probably a metastable state, underlining the topological stabilization against the decay of antiskyrmions into the one-dimensional spiral ground state.
It is often found that the transition from the helical phase to skyrmions and subsequently to the field-polarized state is characterized by the presence of a 'kink' in the magnetization versus field (H) measurements 9, 27 . M(H) isotherms measured at different temperatures for the bulk polycrystalline Mn 1.4 Pt 0.9 Pd 0.1 Sn are shown in Fig. 4d . For temperatures down to 150 K, these curves exhibit a smeared out (due to the polycrystalline nature) kink type of behaviour. For temperatures below 100 K, unsaturated magnetic behaviour is obtained for fields of up to 1 T. In particular, the upper critical field, at which the antiskyrmion phase evolves into the ferromagnetic phase, is mapped out by the magnetization curves. The H-T phase diagram derived from the LTEM measurements is shown in Fig. 4e . Antiskyrmions are found for the entire temperature range between 400 K and 100 K (the lowest measurement temperature here). A noticeable increase in the antiskyrmion lattice spacing is observed as H drives the system towards the phase boundary with the field-polarized phase (Fig. 4f) , with a corresponding decrease in the antiskyrmion density (inset of Fig. 4f) . However, the size of the antiskyrmions remains almost constant over a wide temperature range (see Methods, Extended Data Fig.  11 ). The strength of the magnetic field at which the antiskyrmions appear increases with decreasing temperatures. Thus, a large region in the H-T phase diagram with stable and metastable antiskyrmion lattice states is realized for the whole temperature range. For temperatures below 200 K, the antiskyrmion lattice remains stable even when the field is completely removed. The observation of a stable antiskyrmion phase at zero magnetic field and low temperatures (after applying a field to stabilize antiskyrmions and then reducing the field to zero) can be attributed to the anti-site disorder that is created by the substitution of Pd in place of Pt in Mn 1.4 Pt 0.9 Pd 0.1 Sn. This anti-site disorder creates pinning centres that helps the antiskyrmions to be quenched to a relatively low field when the field is reduced to zero. Because the sample does not exhibit substantial magnetic hysteresis (see Methods, Extended Data Fig. 3 ), the observed effect is unlikely to arise from the intrinsic hysteretic behaviour of the material. The role of disorder has also been discussed in the context of achieving stable zero-field skyrmions in a cubic magnet using a field-cooling process 28 . However, the stabilization of antiskyrmions at lower fields, without any field-cooling or quenching 29 processes, makes our system distinct from other skyrmion systems.
Although we have demonstrated the formation of antiskyrmions in Mn 1.4 Pt 0.9 Pd 0.1 Sn, we also found evidence of antiskyrmions in Mn 1.4 PtSn. We anticipate that the tunable nature of Heusler compounds will enable the formation of a wide range of skyrmionic structures, by varying the number of valence electrons, the spin-orbit coupling, the symmetry of the crystal structure, and thereby the magnetocrystalline anisotropy and the magnetization. To find antiskyrmions in other systems, we propose the exploration of tetragonal inverse structures that have the correct symmetry (D 2d ) for stabilizing antiskyrmion rather than skyrmion phases. The presence of more than one magnetic sublattice in Heusler compounds makes it possible to tune the total magnetic moment to zero 25 , potentially giving rise to antiferromagnetic antiskyrmions. Such skyrmions are predicted to move in a straight line in response to an applied current, in contrast to the curved motion of conventional skyrmions 30 . The quadrupole moment of the magnetostatic charge distribution in the antiskyrmions of acentric magnets enables their motion to be controlled by applying inhomogeneous magnetic fields.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 1.4 PtSn that crystallizes in an acentric tetragonal structure with space group I m 42 can be obtained with uniformly distributed Mn vacancies exclusively in the Mn-Pt NaCl-type substructure. In addition, we found that a small amount of Pd substituted in place of Pt enhances the tetragonality.
Polycrystalline ingots of Mn 1.4 PtSn and Mn 1.4 Pt 0.9 Pd 0.1 Sn were prepared by arc-melting stoichiometric amounts of the constituent elements in a high-purity argon atmosphere. The as-prepared ingots were annealed for one week at 1,073 K and subsequently quenched in an ice-water mixture. The samples were structurally characterized by X-ray powder diffraction (XRD) using a Cu K α source. The homogeneity and composition of the sample were analysed by scanning electron microscopy (SEM), including energy-dispersive X-ray spectroscopy (EDS) and optical microscopy. The magnetization measurements were carried out in a vibrating sample SQUID magnetometer (MPMS 3, Quantum Design). Powder neutron diffraction studies were performed using a two-axis diffractometer equipped with a vertical focusing pyrolytic graphite monochromator and a cold neutron guide. The sample was encapsulated in a vanadium crucible.
Specimens for transmission electron microscopy (TEM) were prepared from the polycrystalline Mn 1.4 Pt 0.9 Pd 0.1 Sn ingots by Ga focused ion beam (FIB) milling. The thickness of the TEM specimen is about 100 nm in the flat, thicker region of the sample and about 50-70 nm at the thinner end. The TEM investigations were carried out using a FEI TITAN G2 80-300 microscope equipped with a Lorentz lens, operated at 300 kV. For the antiskyrmion investigations the TEM observation was made in Lorentz mode. The vertical magnetic field was controlled by applying currents in the objective lens. The in-plane magnetic field was applied by tilting the sample using a double tilt sample holder. In our thin crystalline foils, 'bendcontours' occur when observing the TEM samples at the pole position, which disturbs the visibility of antiskyrmions. Therefore, the sample was tilted slightly (about 3°) along the [001] direction for LTEM imaging. Variable-temperature LTEM investigations were performed using a GATAN double tilt liquid nitrogen sample holder. At all temperatures (except 100 K), the antiskyrmion phase was better nucleated when the field was applied at some angle to [001] (10°-20°). Once the antiskyrmion lattice phase was stabilized with an oblique field, the sample was rotated to apply the field along the [001] direction, where a stable antiskyrmion lattice was formed. As the temperature approaches T C (368 K), the antiskyrmion phase can be nucleated for fields applied closer to [001] (about 5°). At 100 K, the LTEM images were taken after the antiskyrmion lattice was stabilized in the sample at room temperature at a finite tilt angle in a magnetic field. The tilt angle was then reduced to zero without changing the field. The sample was then cooled to 100 K in the same field and, after stabilizing the temperature, the field was slowly reduced to zero (or increased to obtain a field-polarized state) in different steps to record the LTEM images. Structural characterization. The phase purity of the samples was studied with the help of XRD measurements at room temperature. As shown in Extended Data Fig. 1 , the Rietveld refinement of the experimental pattern clearly shows that Mn 1.4 PtSn crystallizes in an acentric tetragonal structure with space group I m 42 (number 121). The refinement results in lattice parameters of a = 6.3538 ± 0.0002 Å and c = 12.2142 ± 0.0007 Å with c/a = 1.9223. In our sample, Mn atoms fully occupy the 8i and 2b positions and partially occupy the 4d position, the 4c and 4e positions are occupied by Pt, and the second 8i position is occupied by Sn. Hence, a complete Mn vacancy is found at position 2a. In the case of Mn 1.4 Pt 0.9 Pd 0.1 Sn, we suppose that the small number of Pd atoms statistically replace the Pt atoms in both the 4c and 4e positions. A small change in lattice parameters to a = 6.34353 ± 0.00019 Å, c = 12.24044 ± 0.00037 Å and c/a = 1.9296 was found for Mn 1.4 Pt 0.9 Pd 0.1 Sn.
A schematic of the alignment of the magnetic moments in our system is shown in Extended Data Fig. 2 . Mn atoms that occupy three different sublattices are shown as Mn2b, Mn4d and Mn8c. Mn8c, which exhibits a larger magnetic moment, orients antiparallel to the relatively smaller moments of Mn2b and Mn4d (Extended Data Fig. 2b ). This results in an net effective ferromagnetic moment (Extended Data Fig. 2c) . The Dzyaloshinskii-Moriya interaction modifies the basic magnetic structure to a helimagnetic state that propagates along the a axis (Extended Data Fig. 2d, upper panel) or a spin cycloid along [110] (Extended Data  Fig. 2d, lower panel) . 1.4 PtSn and Mn 1.4 Pt 0.9 Pd 0.1 Sn exhibit nearly the same saturation moment of about 4.5μ B (μ B is the Bohr magneton; Extended Data Fig. 3) , and both samples display soft magnetic behaviour. These samples show slightly different hysteretic behaviour at 300 K, above the spin-reorientation transition. At 300 K, the saturation magnetization is obtained at lower fields than at 2 K. LTEM. The under-focused LTEM images taken at 200 K and various magnetic fields are shown in Extended Data Fig. 4a-f . At this temperature, a field-polarized state is obtained for an applied magnetic field of 0.7 T and an array of antiskyrmions at 0.6 T. A lattice of antiskyrmions is found at 0.32 T. By reducing the field to zero, metastable antiskyrmions and helical stripes are found to coexist.
Magnetic characterization. M(H)
Extended Data Fig. 4g-i shows under-focused LTEM images taken at 368 K at various magnetic fields. As mentioned in the main text, the antiskyrmion lattice is stabilized by applying a field at an angle of 10°-20° to the [001] direction. We find that with increasing temperature the stabilization of an antiskyrmion lattice can be obtained with a lower tilt. At 368 K, the stabilization of an antiskyrmion lattice is obtained at an even lower tilt angle of about 5°. This finding indicates that by approaching T C it should be possible to obtain the antiskyrmion lattice by applying the field directly parallel to [001] .
Extended Data Fig. 5 shows the image taken in zero magnetic field after the antiskyrmion lattice was stabilized in the sample at room temperature at a finite tilt angle in a magnetic field. The tilt angle was then reduced to zero without changing the field. The sample was then cooled to 100 K in the same field and, after stabilizing the temperature, the field was reduced to zero. We found a metastable antiskyrmion phase with the presence of some helimagnetic stripes. Simulation of different types of skyrmion and their LTEM images. Here, we describe the method used to simulate LTEM images of different types of skyrmion. The method is based on a Fourier approach [31] [32] [33] [34] . The magnetization configuration of different types of skyrmion is calculated using the micromagnetic simulation code OOMMF 35 . The exchange energy and Dzyaloshinskii-Moriya interaction are taken into account to simulate the skyrmions. The Dzyaloshinskii-Moriya interaction included within the OOMMF code is modified according to the symmetry of the host compound The magnetization configurations are then used to calculate the induced phase change in LTEM. In LTEM, the electrons experience a Lorentz force because of the local magnetization, which induces a phase change:
where Φ 0 is the magnetic flux quantum and A z is the z component of the magnetic vector potential. The magnetic phase component in reciprocal space is
where μ 0 is the permeability of free space, M s is the saturation magnetization, ∼ m x and ∼ m y are the x and y components of the unit vector of magnetization in reciprocal space, k x and k y are the x and y components of the reciprocal lattice k-vector, and t is the thickness of the specimen. Entering the back focal plane of the objective lens, the electron disturbance is
where k x and k y are the x and y components of the spatial frequency, and are directly proportional to displacements within the back focal plane. As the electrons propagate from the back focal plane, we need to consider the 'transfer function': where the λ is the electron wavelength, A(k x , k y ) is the pupil function, C s is the spherical aberration of the objective lens, and Δ z is the defocus distance. So, finally, we calculate the inverse Fourier transform to obtain the LTEM image intensity:
The calculated LTEM images at different defocus distances Δ z are shown in Extended Data Fig. 7 .
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To obtain the ground-state antiskyrmion phase, we first use high temperatures to overcome local energy barriers. We then relax the magnetization while the temperature is gradually decreased to zero. By using this method, we calculate the evolution of the antiskyrmion phase under different fields. The parameters used here are: exchange stiffness A = 1.2 × 10 −10 J m We also used OOMMF to simulate the antiskyrmion lattice under an oblique field. The field amplitude is kept at 0.24 T and the field is tilted by 20°, 10°, 0°, − 10° or − 20° with respect to the [110] axis, as shown in Extended Data Fig. 9a-e . Initially, the state at zero tilt angle in 0.24 T was calculated by field cooling from high temperature, as discussed above. This state was then used as the initial state for the simulation at a tilt angle of − 20° at zero temperature. The tilt angle was subsequently changed in 2° increments using the initial state from the previous tilt angle at zero temperature. Antiskyrmion lattice analysis. We study the density, size, lattice length and lattice angle of the antiskyrmion lattice for various temperatures and magnetic fields. Extended Data The variation of the antiskyrmion size with magnetic field and temperature is shown in Extended Data Fig. 11a . In this case, the size corresponds to the diameter of the antiskyrmions when the field is applied along the [001] direction. The size remains almost the same over a large temperature and magnetic field range. At very high temperatures, we observe a considerable decrease in the antiskyrmion size.
The mean angle of the antiskyrmion lattice is shown in Extended Data Fig. 11b . A mean angle of 60° indicates a hexagonal lattice. The inset shows the standard deviation of the antiskyrmion lattice angle, which reflects the degree of uniformity of the hexagonal lattice. At the critical field for the transition of the hexagonal lattice to the spin-polarized state, the standard deviation increases, indicating the breakdown of the antiskyrmion lattice. Data availability. The data that support the findings of this study are available from the corresponding author on request.
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